WALTER
M. BOOTHBY tions the coefficient of absorption of nitrous oxide for blood has been taken as 0.43, as determined by Siebeck in 1909 for ox blood at 37'.
Lindhard and Krogh6 have recently determined the coefficient of absorption of nitrous oxide for human blood at 37O and found it to be 0.405 * 0.005.
The method used by us in the present study is essentially that given by Krogh in his most recent paper.?
However, as a few changes in the routine of experimentation have been made by us we present our technic in full.
EXPERIMENTAL DETAILS /Jnit of work. The object of our experiments is to show the volume per minute of the circulation between a condition of complete rest in bed to one of severe muscular work.
It was necessary to have a method of expressing the amount of work performed by the subject under all the conditions of the experiments.
A mechanical unit, such as kilogram-meters per minute, gives a, rough comparative idea of the amount of work performed by the subject while pedaling an ergometer, such as that described by Krogh? This unit, however, cannot be used to compare the almount of work a subject's muscles would be called upon to perform when sitting at rest on a bicycle, in a chair, or lying in bed; further, it does not take into consideration variations produced in efficiency by a proper position on the seat or the energy expended by the arm muscles exerting a counter pull on the handle bars of the bicycle.
We have, therefore, adopted the physiological unit of the number of cubic centimeters of oxygen consumed per m.inute.
For the study of the circulation rate, the unit of oxygen consumption per minute is particularly well adapted, for it is one of the chief functions of the blood to transport the gases between the lungs and tissues.
In fact the transportation of the other metabolic substances of the blood current, though equally essen-tial to the organism, are probably comparatively small from the point of view of bulk per unit volume of blood, though of great importance from the point of view of their effect on the gaseous carrying capacity of a unit volume of blood.
Body equilibrium. The gaseous equilibrium of the body for the condition of the experiment is established by having the subject maintain such a condition of rest or of work for at least one-half hour before any experimental observations are made. Rest. For the experiments at complete rest, the subject lay on his back in bed without moving throughout the entire preliminary and experimental periods. The various mouthpieces were supported on a bar, and the necessary manipulations of changing from one to another were performed for him. The experiments were usually done about the middle of the forenoon after an ordinary breakfast. It was not considered necessary to insist on a basic, fasting condition, as the study was not the determination of the lowest possible circulation rate but the volume per minute of blood necessary to transport a unit volume of oxygen.
In fact a slight variation from day to day in the oxygen consumption would be advantageous as it might reveal corresponding changes in the blood flow. In addition to the experiments at complete rest others were done with the subject seated in a straight-backed chair; otherwise no change in the routine was made. Work.
For the work experiments a stationary bicycle with the rear wheel heavily balanced by a lead pipe tire and suitably mounted was used.
The degree of work performed by the subject was regulated by changing the resistance of a friction brake, or by varying the speed of pedaling. During a single experiment, including the preliminary period for establishing equilibrium, the brake resistance and the rate of pedaling were maintained constant, the latter was accomplished by pedaling in time to the ticking of a metronome. Respiratory exchange.
The oxygen consumption per minute was determined by making a complete respiratory exchange WALTER M. BOOTHBY experiment after equilibrium was established and just before the circulation experiment proper.
The subject breathed through a set of Douglas valves into a 304itre collecting spirometer.
The surfaces of the valve-discs were covered with a layer of thick machine oil; in addition, a small loop of wire was passed around the cross wires over the valve-disc and the free end rested on the disc increasing its weight slightly.
These changes reduced the leakage below an appreciable point without noticeably increasing the resistance to the passage of air.
The spirometer was carefully calibrated and the air volumes could be determined within 50 cc. an error of 0.2 per cent for 25 litres.
The air samples were analyzed in a regular 10 cc. Haldaneg gas analysis apparatus, the error of which for routine work does not exceed 0.02 per cent.
The duration of the respiration experiment was obtained by a stop-watch and determined to a fifth of a second, which would give an error of 0.05 per cent for the rest and 0.3 per cent for the work experiments. The tap was turned at the bottom of expiration both at the beginning and at the end of an experiment. The carbon dioxide elimination and the oxygen consumption per minute were calculated in the usual way, allowing for the change in volume of the expired air.10 To avoid the necessity of making a correction for the dead space of the spirometer it was filled with expired air and then emptied just before beginning the experiment.
Temperatures. The temperature of the gas in the collecting and recording spirometers was taken as that of the water bath at the time of measurement of the gas volume and read to O.lOC. and the gas was assumed to be fully saturated with water vapor. The temperature of the gas in the lungs and air-passages was taken as 37", and likewise assumed to be fully saturated with water vapor.
Barometer . The atmospheric pressure was determined by a mercury barometer of the U. S. Weather Bureau type and read by means of a vernier to 0.1 mm.
The observed reading was always corrected to OOC. The barometer was read at the time of measuring of the gas volumes.
Pulse rate. To obtain the pulse rate both at the time of the respiration and circulation experiments, an ordinary 6-inch clinical blood pressure cuff was placed on the subject's arm.
The cuff was inflated to a point just above the diastolic blood pressure and was connected to a tambour or mercury manometer which wrote on the kymograph under the tracing made by the recording spirometer. The c&f could be worn with comfort for periods as long as fifteen minutes.
Recording spirometer.
A carefully calibrated 6-litre Krogh recording spirometer was used to contain the nitrous oxide mixture.
From the spirometer curve it was possible to read the volumes with an average error not exceeding 10 cc. and as the differences in volume were more than 1000 cc. the error was less than 1.0 per cent. To insure the thorough mixing of the gases a small fan on the floor of the spirometer was kept running throughout an experiment by means of a small electric motor. The preliminary gas mixture was made by introducing into the spirometer 4.5 L. of air, 0.5 L. of oxygen, and 1.0 L. of nitrous oxide.
After thorough mixing the mouth tap was opened so as to fill this and the connecting tube with the mixture.
A piece of garden hose of 20 mm. inside diameter and about 20 cm. long led from the spirometer to a three-way brass valve to which was attached a rubber mouthpiece with a wide flange that fitted in between the lips, cheeks, and teeth.
By means of this valve the subject could be connected either with the spirometer, or the outside air, or the valve could be entirely closed.
TO the spirometer side of the valve was connected a flexible lead tube of 0.6 mm. bore by means of which alveolar air samples could be withdrawn into collecting tubes. In the circulation experiments the time is written on the drum in seconds and can be read with an error not exceeding 0.1 seconds which would give for an experiment of 20 seconds an error of 0.5 per cent.
Analysis of nitrous oxide.
The analysis of the dilute nitrous oxide mixture is accurate in routine work to within 0.05 per
If exceptional care is taken with an burette the percentages can be determined to 0.03 per cent. As the studies here presented accuracy of the nitrous oxide analyses we felt liminary step, to satisfy ourselves of the fundamental accuracy of the analytical technic and the results of our studies are presented in a separate article.11
Residual air. As the volume of the subject's residual air is absolutely clean within an error of are based on the obliged, as a prenecessary in making the calculation of the total volume of the nitrous oxide mixture in the lungs, this must be determined by preliminary experiments. This we did by the usual hydrogen method the details of which need not be given here. Unlike Krogh,12 we could find no difference in the volume of the residual air whether at rest or at work, therefore we have used the same volume in the calculation of all our experiments. We are planning to elaborate on this point in a separate article.
The circulation experiment proper. The mouthpiece of the recording spirometer is adjusted in the subject's mouth so that it will be air-tight, and the nose is closed with a clip. The subject breathes through this valve to the room air for two or three minutes being careful to maintain the same rate of pedaling in the work experiments or to keep absolutely quiet in the rest experiments.
On signal he gives the greatest possible expiration at the end of which the observer turns the tap so that the following inspiration consists of the nitrous oxide mixture in the spirometer.
When the subject has inspired an easy maximum, the observer closes the tap so that the subject holds his breath for five to eight seconds, in order that the lung tissues and the blood already in the lungs may reach an equilibrium with the tension of the nitrous oxide in the alveolar air. Then the observer opens the tap to the spirometer and the subject gives a sharp expiration of such a volume that he expires as near as possible to his "Mittelage."
The observer closes the tap and the subject holds his breath for fifteen to twenty seconds.
As soon as the tap is closed the observer withdraws a sample of the expired air (Sample No. 1). Then on signal the observer again opens the tap to the spirometer and the subject expires very deeply and quickly; the tap is then turned to the room air, and a sample of the second expiration is taken (Sample No. 2).
It seems reasonable to assume under constant conditions of metabolism, that the gaseous content of the venous blood as it enters the lungs does not appreciably vary from moment to moment.
However, during an experiment in which the breath is held marked changes would naturally follow if any part of the total blood volume could during this time effect a complete circuit and reenter the lungs a second time.
The probability of the presence of recirculating blood would depend on the relationship between the total blood volume and the rapidity of the circulation rate.
The blood volume of the subject of these experiments has never been determined but judging from the figures given by Douglas, 13 it cannot be far from 3.8 L., allowing for the difference in weight.
As the duration of the experiments at rest does not exceed twenty-five to thirty seconds and at work fifteen to eighteen seconds, and as the circulation rate under corresponding conditions is 3.4 and 9.3 litres per minute respectively, it is extremely unlikely that any blood would have time to return to the lungs except that of the coronary circulation. This latter would be of such a relatively small amount that no serious error is probably introduced by neglecting it. The abnormal condition of the subject while holding his breath during the circulation experiment affects the blood flow markedly by altering the intrapulmonary air pressure. If this air pressure is high, less blood will tend to flow into the thoracic cage than if the air pressure is low. The amount of this variation in intrapulmonary pressure can in large part be obviated by making the expiration after the preliminary period of such a volume that the chest walls are in a position of elastic equilibrium; l3 Douglas: The determination of the total oxygen capacity and blood volume at different altitudes by the carbon monoxide method.
Jour. Physiol., 1910, xl, 6, 471-478. this position corresponds to the bottom of a normal expiration. Furthermore, the subject must not hold his thoracic muscles rigid during the experimental period because the volume of air in the lungs'is decreasing; in consequence, the chest wall must be allowed to contract down proportionately, otherwise a negative intrapulmonary pressure would be developed, thereby sucking into the lungs an excess amount of blood.
In practice it is impossible to expire to the exact position of 
The contraction
in volume of the air during the experimental period is therefore 2270 -2170 = 100 cc. in 19.6 seconds. Or the change in volume per second is 5 cc. The contraction in volume of the air during the introductory period is taken to be the same as that during the experimental period. Krogh has taken it to be 6 cc. per second and we have found this a fair average for the rest experiments.
In work, however, thevolume change per second varies considerably and we have, therefore, calculated the value for each of the work experiments.
To determine the duration of the introductory and experimental periods lines are dropped from the respiration curve to the time curve.
In doing this allowance must be made for the dead space as the instant at which the sample obtained actually left the lungs preceded the completion of the expiration by the time requisite for this volume of air to be expired. By other experiments we determined that the combined dead space of the subject and the valve was 125 cc. We believe this to be a very fair estimate of the accuracy of the method.
The nitrous oxide method of determining the blood flow, as has been pointed out above, possesses what may be considered as constant and accidental errors. The chief constant errors are inherent in the assumption that the blood, while passing through the lungs, reaches a condition of tension equilibrium with the nitrous oxide in the alveoli and that during the course of an experiment no appreciable amount of blood recirculates and enters the lungs for a second time.
These errors, if they exist, cannot at the present time be obviated.
The accidental errors also on account of the technical difficulties of the experiment may be numerous.
We have attempted to reduce the influence of the accidental errors by performing a reasonably extensive series of experiments.
We realize, however, that a much larger number would be highly desirable and regret that, for the present, stress of work on other lines prevents us from doing more experiments.
We cannot, therefore, insist on the absolute accuracy of our blood flow data, though we believe the comparative figures can be considered as being reasonably correct.
The theoretical venous carbon dioxide and oxygen ten-sions, as calculated from our blood flow data, are obviously open to the same criticism. As a control, however, we have made a number of direct determinations of the venous carbon dioxide and oxygen tensions according to the method suggested by Christiansen, Douglas, and Haldane16 and they agree with the calculated results here given in a very satisfactory manner.
We hope shortly to complete a sufficient series for publication.
The essential data with the calculated results of all our experiments are given at the end of the paper in Tables II, III, and  IV. These results are averaged into groups and presented in a summarized form in Table I . The averages of the calculated results from Table I are plotted in Figure III in which the ordinates represent the volume or amount of the various factors and the abcissa is the oxygen consumption per minute expressed in cubic centimeters and at standard temperature and pressure dry. In Figure IV these curves are repeated with the addition of several secondary curves.
An explanation and discussion of the construction of the curves in this figure follow.
I. Blood flow. The averages for the blood flow determinations show a progressive though slightly irregular increase with the oxygen consumption.
We probable that the blood flow follows some definite law of increase corresponding to its increased functions. The other two mechanical factors concerned with the transportation of the respiratory gases which are directly measurable are the total venti- The remaining curves are calculated from the three primary curves as described in text. Curve IV, volume per beat. Curve V, percentage saturation of the haemoglobin in the mixed venous blood. Curve VI, alveolar CO2 tension.
Curve VII, respiratory quotient.
Curve VIII, tension of CO2 in the venous blood, allowing for the influence of the percentage saturatio-n of the haemoglobin with oxygen. Curve IX, hydrogen ion concentration of the arterial blood (for construction see text). Curve X, tension of oxygen in the venous blood allowing for the influence of the total acidity.
Curve XI, oxygen pulse (Henderson). WALTER M. BOOTHBY lation and the pulse rate. From Curves II and III, it is seen that these factors increase, on the average, according to a straight line; that they do so lends probability to the correctness of the assumption on which the blood flow curve is constructed and that the divergence of the plotted points from the line is not beyond the limits of error of the experimental method. elimination of carbon dioxide and absorption of oxygen during the time necessary to make a complete expiration.
The HaldanePriestly alveolar samples do not, therefore, represent the true mean alveolar air tension.
As near as can be judged from the curves given by Krogh and Lindhard for work in the region of 700 cc. oxygen consumption, the correction would be of the order of -1.0 mm. We have thought it best to make this arbitrary correction as it agrees with the results of some investigations that we have at present under way, though not yet ready for publication.
VII. Respiratory quotient.
From the respiration experiments preceding the circulation experiments proper it is evident that the respiratory quotient increases from an average of about 0.8 at rest to about 0.9 at work requiring 900 cc. of oxygen consumption.
This increase in the respiratory quotient may have an important metabolic significance or it may be due to a readjustment of the total amount of carbon dioxide stored in the body tissues.
We will not now enter into a discussion of this point, as our data are not sufficient to determine such a fundamental process.
For this paper it is of importance merely as providing a convenient method of calculating the carbon dioxide elimination per minute under various amounts of oxygen consumption. This is done by multiplying the oxygen consumption by the respiratory quotient. VIII.
The venous carbon dioxide tension. Christiansen, Douglas and Haldene23 have recently determined the absorption curve of carbondioxide for human blood and the variations produced on the carbon dioxide carrying capacity by the percentage saturation of the haemoglobin.
In Figure 3 of their paper are given the curves for the absorption of carbon dioxide by the blood of J. S. H. in the presence of air (haemoglobin saturated) and in the presence of hydrogen (haemoglobin desaturated). They assume that the line AB represents the absorption of carbon dioxide by the blood of J. S. H. within the body at rest on the ground that " if the blood were completely reduced and In consequence each litre of the venous blood must have contained 51.4 + 6.76 = 58.16 volumes. As the haemoglobin is 58.7 per cent saturated (Curve V, Fig. IV) , the tension at which the carbon dioxide must be for the blood to contain 58.16 volumes is found from Figure V to be 50.1 mm.
In Figure Ordinate represents volume8 of COO reduced to 760 mm. and 0' dry, absorbed by 100 volumes of blood at 37O. Abscissa represents the pressure of CO2 in mm. of Hg. The difference between Curves VI and IX is a measure in terms of carbon dioxide, of the amount of lactic acid in the blood under various degrees of work.
It is to be noted that severe work, such as could be maintained only for a brief period, was not performed Work causing an oxygen consumption of 900 cc. was, however, the maximum that could be maintained with reasonable comfort for one and one-half hours; at the end the subject was glad to be through the experiment but was in no way exhausted or " all in." X. Venous oxygen tension.
The tension at which the oxygen will be present for a given percentage saturation, will depend on the total acidity of the blood. The total acidity of the venous blood can be estimated by taking the carbon dioxide equivalent of the lactic acid, found by subtracting points on Curve VI from corresponding points on Curve IX, and adding it to corresponding points on Curve VIII. Knowing the total acidity the oxygen tension of the venous blood for any degree of saturation can be read directly from the dissociation curve for oxygen given in Figure VI .
Thus for 500 cc. oxygen consumption the difference between Curves VI and IX, representing the lactic acid, is 0.35 mm.
The corresponding point on Curve VIII, for the venous carbon dioxide tension, is 50.1 mm. and the total acidity is, therefore, 50.1 + 0.35 = 50.45 mm.
The percenta*ge saturation of the haemoglobin for 500 cc. It shows that the influence of the total acidity of the blood within the body is of considerable moment and of a distinctly larger order than is thought probable by Christiansen, Douglas, and Haldane.-The discrepancy is accounted for by the fact that their calculation, (shown in their Fig. 4) ) is merely based on one point which was determined at rest, while ours is founded on data obtained not only at rest but also with progressivelv increasing amounts of work.
It is possible that even a greater change in the dissociation curve of oxyhaemoglobin would be produced under conditions of prolonged oxygen want such as exists at high altitudes. XI. Oxygen pulse.
Henderson and Princes1 have recently introduced the very useful term "oxygen pulse" to represent the amount of oxygen consumed by the body from the blood of one systolic discharge of the heart.
Curve XI in Figure IV To to extrapolate these curves to us it conditions of severe work and then make use of them for calculating the systolic output of the heart of normal man.
Although Henderson's32 calculated results for the systolic output are so divergent from ours, as well as from those of Nicolai and Zuntz,33 yet the experimental dataa itself appears consistent with our findings, if it is realized that the increase in the heart rate was due in his experiments to other causes than that of increased work with the development of the need of a greater gaseous carrying capacity of the blood per minute. DISCUSSION 
OF RESULTS
The experimental evidence here offered shows that the circulation rate increases progressively with the oxygen consumption per minute in a manner corresponding to the increase in the total ventilation.
Respiration consists of various factors the chief of which are (1) the ventilation of the lungs; (2) the passage of gases through the lung epithelium to and from the blood; (3) the transportation of gases to and from the tissues; (4) cell respiration. a* Henderson: The law of the systolic discharge.
Internat'l Physiolog. Congress, Vienna, 1910. 38 Nicolai and Zuntz: F'ullung und Entleerung des Herzens bei Ruhe und Arbeit.
Berl. klin. Wchusch, 1914 (Nov. 18). 34 Henderson: The volume curve of the ventricles of the mammalian heart and the significance of this curve in respect to the mechanics of the heart beat and filling of the ventricles.
Amer. Jour. Physiol., 1906, xvi, 325-366.
The respiratory function of the lungs and of the blood is absolutely identical in a true physiological and biological sense. On account of the physical and mechanical problems involved there must, however, be two distinct carrying devices provided for getting the gases from the air to and from the cells.
It is difficult to believe that one part of this respiratory mechanism-the ventilation of the lungs-is carefully and delicately regulated to the needs of the body without the other mechanism-the circulation of the blood-being likewise as carefully and delicately regulated. It is further highly probable that the same factor which regulates and controls respiration governs both these mechanical processes -the ventilation of the lungs and the circulation of the blood-and not merely one of them as heretofore believed. On these grounds we feel justified in assuming that the same regulatory factor-the hydrogen ion concentration of the arterial blood-controls with equal delicacy the ventilation of the lungs and the rapidity of the circulation rate This conception is strengthened by the evidence given in a previous article35 in which we showed that after forced breathing -which produces a reduction in the arterial carbon dioxide tension with a parallel decrease in the hydrogen ion concentration-the circulation rate is slowed. If we assume that the same regulatory factor governs both processes, it is only n .ecessary to show a correspo ndence between the two p recesses to estimate the delic acy and sensitiveness of what may be looked upon as a " centre" governing the circulation rate.
From what has been said above, it is possible that the " circulatory centre" is really only a part of the respiratory centre.
Also that the centre hithertofore considered as the respiratory centre is best considered as a ventilation centre The respiratory centre can then be thought of as a large centre composed of subordinate centres of which we consider here only the sub-centres controlling pulmonary ventilation and circulation rate.
In addition to the chemical regulation of the circulation it is evident that it can be influenced by factors of nervous or psychic origin in the same manner as in the pulmonary ventilation.
Our experiments indicate that such influences, however, are only temporary and designed to meet sudden emergencies which require immediately in the muscles a greatly increased oxygen supply before a sufficient time could elapse for the chemical stimulus to be produced and to take effect.
SUMMARY
I. The experimental details as used by us are given for determining the blood flow according to the method of Krogh and Lindhard.
II. A series of sixty-one determinations of the blood flow in one subject at rest and at various degrees of work are reported.
III. By these experiments it is shown that the circulation rate increases proportionately with the oxygen consumption in a manner corresponding to the increase in the total ventilation IV. It is suggested that the main controlling factor in the regulation of the circulation rate is the hydrogen ion concentration of the arterial blood and that this regulation is one of great delicacy.
V. By comparing the increase in the circulation rate with the increase in the total ventilation we are able to estimate that on the subject studied an increase in the blood flow of 3.3 litres per minute, which is a doubling of the circulation rate, is caused by a rise in the total acidity of the blood corresponding to 2.0 mm. of carbon dioxide.
As pointed out by Campbell, Douglas, and Hobson, it is possible to deduce from the results of Hasselbalch and Lundsgaard that this figure would correspond to a rise in the hydrogen ion concentration of the arterial blood of about 0.013 x 1O-7 I  I  I  270  277  277  269  269  261  258  372  372  388  476  476  494  494  542  542  821  842  842  831  863  863   322  328  328  329  329  331  333  443  443  452  554  554  563  563  608  608  909  912  912  914  914 
